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ABSTRACT

Epidemiologic studies have demonstrated a consistent link between sudden cardiac deaths and
particulate air pollution. We used implanted cardioverter defibrillator (ICD) records of
ventricular tachyarrhythmias to assess the role of air pollution as a trigger of these potentially
life-threatening events. The study cohort consisted of 203 cardiac patients with ICD devices in
the Boston metropolitan area followed for an average of 3.1 years between 1995 and 2002. Fine
particle mass and gaseous air pollution plus temperature and relative humidity were measured on
almost all days, and black carbon, sulfate, and particle number on a subset of days. Date, time,
and intracardiac electrograms of ICD detected arrhythmias were downloaded at the patients’
regular follow-up visits (~ every three months). Ventricular tachyarrhythmias were identified by
electrophysiologist review. Risk of ventricular arrhythmias associated with air pollution was
estimated with logistic regression, adjusting for season, temperature, relative humidity, day of
the week, patient, and a recent prior arrhythmia. We found increased risks of ventricular
arrhythmias associated with two-day mean exposure for all air pollutants considered, although
these associations were not statistically significant. We found statistically significant
associations between air pollution and ventricular arrhythmias for episodes within three days of a
previous arrhythmia. The associations of ventricular tachyarrhythmias with fine particle mass,
carbon monoxide, nitrogen dioxide, and black carbon suggest a link with motor vehicle
pollutants. The associations with sulfate suggest a link with stationary fossil fuel combustion

SOources.
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INTRODUCTION

A large number of epidemiologic studies have found an association between short-term episodes
of increased particulate air pollution and cardiovascular morbidity and mortality (Brook et al.
2004). Respirable particulate matter has been specifically implicated in the triggering of
myocardial infarction (D'Ippoliti et al. 2003; Peters et al. 2001), arrhythmias (Peters et al. 2000),
decompensation of heart failure patients (Morris and Naumova 1998; Schwartz and Morris 1995;
Wellenius et al. 2003a), and the exacerbation of myocardial ischemia (Pekkanen et al. 2002;
Wellenius et al. 2003b). Particulate-related changes in autonomic nervous system activity, as
assessed by heart rate variability, have been observed in both experimental animal studies
(Godleski et al. 2000) and human panel studies (Creason et al. 2001; Gold et al. 2000; Liao et al.
1999; Liao et al. 2004; Pope et al. 1999) suggesting sympathetic activation or vagal suppression
following particulate air pollution exposure. Such changes in autonomic tone may increase the
risk of ventricular arrhythmias in vulnerable patients (Huikuri et al. 2001). Ventricular
tachyarrhythmias, primarily ventricular tachycardia and ventricular fibrillation are common
precursors to sudden cardiac death (Bayes de Luna et al. 1989; Myerburg et al. 1992).
Implanted cardioverter defibrillators (ICD) passively monitor for ventricular tachyarrhythmias
which if not terminated could be life threatening. Upon detecting such an arrhythmia, the ICD
can apply cardiac pacing or cardioverter shock to restore normal rhythms. The ICD also records
the date and time of arrhythmias plus intracardiac electrograms immediately before and during
these events. In a pilot study of 100 Boston area ICD patients with follow-up for up to three
years, we found increased risk of a ICD therapeutic discharge on days following elevated air

pollution concentrations (Peters et al. 2000). In this pilot study we did not collect data on patient
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characteristics or medication. However, we did find stronger air pollution associations among
patients with frequent ICD discharges.

This study was designed to confirm the pilot study observations. In a larger sample of ICD
patients in Boston with longer follow-up, we identified ventricular tachyarrhythmias by review
of ICD recorded electrograms. We assessed the association between community air pollution and
ventricular tachyarrhythmias using time-series methods. We also evaluated modification of the
air pollution association by patient medical conditions, antiarrhythmic medications, and recent

arrhythmias.

METHODS

Arrhythmias

We examined the effects of air pollution on incidence of tachyarrhythmias in ICD patients
clinically followed between July 1995 and July 2002 at the Tufts New England Medical Center
(Dockery et al. 2005). The source population consisted of patients implanted with third
generation Guidant ICDs (Cardiac Pacemakers, Inc.) at the New England Medical Center
Cardiac Electrophysiology and Pacemaker Laboratory between June 1995 and December 31,
1999. All patients met the American College of Cardiology and the American Heart Association
guidelines for ICD implantation (Gregoratos et al. 1998). We excluded patients residing in zip
codes more than 40 km (25 miles) from the air monitoring site at the Harvard School of Public
Health. Patient characteristics prior to implant (including age, sex, race and ethnicity, residential
zip code, implant date, device model, diagnoses at implant, and physiologic measurements prior
to implant) were abstracted from patient records. Prescribed medications were abstracted from

clinical records at each follow-up visit.
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Date, time, and intracardiac electrograms of all detected arrhythmias were downloaded from the
ICD records collected at the patients’ regular clinical follow-up visits (on average every 89
days). Patients contributed person-time to the follow-up between ICD implantation and their last
clinical follow-up visit at the New England Medical Center prior to July 2002. We excluded the
first 14 days after implantation, periods when the patient was a hospital inpatient, and periods
between clinical visits when the patient was not followed up at the New England Medical Center.
Subjects who died or who were lost to follow-up were censored at their last clinical follow-up.
The intracardiac electrograms for each ICD detected arrhythmia were reviewed by an
electrophysiologist (MSL) blinded to air pollution levels. Ventricular tachyarrhythmias were
identified based on atrial-ventricular dysynchrony, onset interval, stability, morphology of the
tachycardia, and response to therapy. We excluded sinus tachycardias, arrhythmias originating
outside the ventricle (atrial tachycardia, atrial fibrillation, atrial flutter, sinus tachycardia, etc.),
and noise or oversensing events. An episode day was defined as one or more ventricular
arrhythmic events on a given calendar day.

Data collection and preliminary analyses have been described previously (Dockery et al. 2005).
The Harvard School of Public Health Human Studies Committee and the New England Medical
Center Institutional Review Board approved this retrospective record review.

Air Pollution

Ambient concentrations of gaseous air pollutants were measured by the Massachusetts
Department of Environmental Protection between 1995 and 2002 at six sites for ozone (O3),
nitrogen dioxide (NO,), and/or sulfur dioxide (SO,) and four sites for carbon monoxide (CO) in
the Boston metropolitan area. We calculated the average air pollution concentration across the

reporting air pollution monitoring stations for each hour accounting for differences in the annual
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mean and the standardized deviations of each monitor (Schwartz 2000). The daily mean was
then calculated from the 24 hour-specific average concentrations across the monitors.

Fine particle (less than 2.5 pm aerodynamic diameter) mass (PM; s5) concentrations were
measured (Tapered Element Oscillating Microbalance, Model 1400A TEOM, Rupprecht and
Patashnick, East Greenbush, NY) at an ambient monitoring site in South Boston between
January 15, 1995 and January 19, 1998, and at the Harvard School of Public Health starting on
March 17, 1999. Particulate black carbon (BC) was measured (Aethalometer Model 8021,
McGee Scientific, Berkeley, CA) at the South Boston site through March 29, 1997 and at the
Harvard School of Public Health site starting on October 15, 1999. Daily particulate sulfate
(SO4) was measured by ion chromatography (Dionex Model 120, Sunnyvale, CA) starting on
September 25, 1999, and particle number (PN) by condensation particle counter (TSI Inc,
Shoreview, MN) starting on October 13, 1999. We did not consider PM (particle mass less
than 10 um) which was measured on a one in six day schedule.

The hourly surface observations from the National Weather Service at Logan Airport in East
Boston were extracted from climatic records (Earth-Info, Inc., Boulder, CO). Daily minimum
temperature and mean relative humidity were calculated from the hourly observations.
Statistical Analyses

Following the analytic methods used in the pilot study (Peters et al. 2000), we assessed the
association of arrhythmias with air pollution using time-series methods. We merged the patient-
specific record of days on study and ICD-detected ventricular arrhythmias with the daily mean
air pollution and weather measurements. The association of arrhythmic episode-days with air
pollution was analyzed by logistic regression using Generalized Estimating Equations (Diggle

1988; Zeger et al. 1988) with random effects for patients, a linear trend, sine and cosine terms
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with periods of one, one half, one third, and one quarter year, quadratic functions of minimum
temperature and mean humidity, indicators for day of the week, and an indicator for a previous
arrhythmia within three days.

We considered mean air pollution concentrations on the same day and lags of one, two, and three
days. The lag structure of the data was estimated by evaluating each lag day (0 to 3) separately
and jointly in an unconstrained distributed lag model (Pope and Schwartz 1996). We found
consistently elevated (although not statistically significant) risk estimates associated with air
pollution concentrations on the day of (lag 0) and the day before (lag 1) the arrhythmia (Dockery
et al. 2005). Therefore we limited this presentation to the effects of two-day running mean air

pollution concentrations.

We explored potential modification of the air pollution associations in multivariate logistic
regression including interactions between air pollution and indicators of patient characteristics.
Patients were stratified by reported ejection fraction prior to implantation (< 35% versus >35%),
prior myocardial infarction, and the diagnosis of coronary artery disease prior to implantation
(not sufficient numbers of patients for specific analyses of other cardiac diagnoses). We
assessed modification of the air pollution associations by usual prescribed medications (reported
at more than half of clinical follow-ups) grouped as beta-blockers, digoxin, and other anti-
arrhythmics (amiodarone, sotalol, mexilitine, and quinidine). The strongest predictor of a
ventricular arrhythmia was a arrhythmia in the previous three days. Therefore in addition to
controlling for prior arrhythmias, we assessed the modification of the air pollution association

by a prior ventricular arrhythmia.

We present odds ratios and 95% confidence intervals based on an inter-quartile range (25"

percentile to the 75™ percentile) increase in each air pollution concentration. P-values are
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reported for the effects of air pollution and for the interactions of air pollution with posited effect
modifiers. We characterize p-values less than 0.05 as statistically significant, and p-values less
than 0.10 as marginally significant. For air pollutants and subgroups of events with statistically
significant associations, we examined the risk of arrhythmias versus quintiles of air pollution
concentration.

RESULTS

Patient Population

A total of 307 patients had Guidant ICDs implanted at the New England Medcial Center between
June 1995 and the end of 1999. There were 203 patients followed up with residential zip codes
within 40 kilometers (25 miles) of the ambient air pollution monitoring site at the Harvard
School of Public Health. These ICD patients had a total of 635 person-years of follow-up or an

average of 3.1 years per subject.

There were 933 ICD-detected tachyarrhythmias (separated by at least sixty minutes) of which
798 (86%) were ventricular (63 ventricular fibrillation, 25 non-sustained ventricular fibrillation,
622 ventricular tachycardia, and 88 non-sustained ventricular tachycardia). We restricted
analysis to the 670 ventricular episode days (one or more ventricular arrhythmias on a calendar
day), average of 1.06 episode days per person-year (pyr), among 84 (41%) patients.

Patients were predominantly men (75%) with an average age at implantation of 64 years (range
of 19 to 90 years). The rate of ventricular episode days per person-year was higher among men
(1.22/pyr) compared with women (0.62/pyr), and increased with age at implantation. Eighty-
three percent (83%) of the patients were reported to be white, 3% Afro-American, 5% Hispanic,

3% Asian, and 7% of undetermined or unknown race/ethnicity.
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Among the patients reported to have had a myocardial infarction prior to ICD implantation the
rate of ventricular arrhythmias (1.73/pyr) was almost three times the rate among the patients
without a prior myocardial infarction (0.61/pyr). The patients with low ejection fraction (35% or
less) prior to implantation had a rate of ventricular episodes (1.48/pyr) approximately three times
larger than that of those with ejection fraction above 35% (0.45/pyr).

The most common pre-implantation diagnosis was coronary artery disease (70%) followed by
cardiomyopathy (36%). Nine patients (4%) were classified as having primary electrical disease,
and four of these had ventricular arrhythmic events. Four patients (2%) had long QT syndrome,
but only one of these had an event during follow-up. Patients with coronary artery disease had
the highest rates of detected ventricular arrhythmias (1.30/pyr) compared with those with other

diagnoses (0.50/pyr).

Eighty nine percent of these patients were prescribed anti-arrhythmic medications. The rates of
ventricular arrhythmic episode days was higher among those prescribed digoxin (1.68/pyr) or
other anti-arrhythmics (1.45/pyr), compared with those prescribed beta-blockers (0.92/pyr) or no

regular anti-arrhythmic medication (0.88/pyr).

Approximately one quarter (164) of the 670 ventricular arrhythmias followed a previous
ventricular arrhythmia within three days. We found that having a prior arrhythmia (within three
days) was a very strong predictor for a subsequent arrhythmia (odds ratio, OR, of 7.2, 95%

Confidence Interval, CI, 5.9 to 8.9).

Air Pollution
PM, 5 was measured on 2047 (80%) of the follow-up days and BC on 1,555 (61%) days (Table

1). Particulate SO4 measurements were limited to 958 (37%) days and particle number to 806
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(32%) days. Daily PM, s was strongly correlated with SO, (Pearson correlation r=0.74) and BC
(r=0.67), but only weakly correlated (r=-.13) with particle number.

The gaseous pollutants were measured on essentially all follow-up days (Table 1). Daily CO and
NO; , both indicators of motor vehicle emissions, were highly correlated with each other
(r=0.61), positively correlated (r>0.4) with BC, PM, s, and SO, , but negatively correlated with
Os.

Air Pollution Association

We found positive associations between ventricular arrhythmic episode days and mean air
pollution on the same and previous days, but none of these associations approached statistical
significance (Table 2).

We did not find consistent increased susceptibility to the effects of air pollution on risk of
ventricular arrhythmias based on patient characteristics. We found marginally significant
(p<.10) interaction of the associations with CO with ejection fraction (stronger with low ejection
fraction), pre-implantation diagnosis of coronary artery disease (weaker with coronary artery
disease), and prior myocardial infarction (weaker with prior myocardial infarction), and of the
associations with NO, by prior myocardial infarction (stronger with prior myocardial infarction).
No other interactions approached statistical significance. We saw no evidence that any of the
prescribed drugs modified the associations of ventricular arrhythmias with air pollution.

The interaction of a prior ventricular arrhythmia with air pollution was statistically significant
for PM; s, BC, NO,, SO,, and CO, and marginally significant for SO4 (Table 3). For

ventricular arrhythmias within three days of a prior event (Table 3), we found statistically
significant positive associations with PM; s, BC, NO,, CO, and SO,, marginally significant

associations with SO4, but no associaitons with O; or PN. For ventricular arrhythmias more
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than three days since a previous ventricular arrhythmia, we found no associations with any air
pollutants (Table 3). We assessed the risk of ventricular arrhythmias stratified by a prior
ventricular tachyarrhythmia versus quintiles of air pollution (Figure 1). We found generally
increasing risk with increasing quintiles of PM, s, BC, and CO, and weaker suggestions of an

exposure response with NO, , SO,, and Os.
DISCUSSION

In this study of 203 New England Medical Center ICD patients living in the Boston metropolitan
area with up to seven years of follow-up, we found the risk of any ICD-detected ventricular
tachyarrhythmia was positively but not significantly associated with increased exposure to air
pollution on the days before the arrhythmia (Table 2). We found statistically significant
associations of air pollution with increased risk of ventricular arrhythmias among patients with
an arrhythmia within the previous three days. These findings suggest that air pollution may
provoke ventricular tachyarrhythmias only in the presence of acutely predisposing conditions
which increase ventricular electrical instability. We did not find consistent indications that the
air pollution associations with ventricular arrhythmias were modified by indicators of chronically
impaired cardiac function including a prior myocardial infarction, a diagnosis of coronary artery
disease, an ejection fraction of less than 35%, or were modified by prescribed antiarrhythmic
medications.

These results are broadly consistent with previously published studies of air pollution
associations with tachyarrhythmias leading to ICD therapeutic discharge. In this study, we found
significantly increased risk of ventricular arrhythmias with PM, s, BC, CO, NO,, and SO, among

patients with a recent prior ventricular arrhythmia. In the pilot study (Peters et al. 2000), ICD
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patients in Boston with frequent (>10) discharges during follow-up had an exposure related
increase in ICD discharge associated with PM, s, BC, CO, and NOs.

A recent study assessed the association of air pollution in Vancouver with ICD discharges among
50 ICD patients with an average of 2.2 years of follow-up (Rich et al. 2004; Vedal et al. 2004).
In crude analyses, the rate of ICD discharge increased with quartiles of NO, and CO
concentration on the same day (Vedal et al. 2004). However, there were no statistically
significant positive associations with ICD discharge with NO; or CO after adjusting for temporal
patterns and numerous weather parameters. The lack of significant associations may be due to

overcontrol of some variables as these investigators suggest.

Both of these previously reported studies focused on ICD therapeutic discharge without
characterization or validation of the underlying arrhythmia. Of the almost two thousand
arrhythmias identified and recorded by the ICD devices in this study, 8% were classified as over-
sensing, 4% were sinus tachycardias, 18% were supraventricular arrhythmias, and 70% were
ventricular arrhythmias. Thus 30% of the ICD-detected arrhythmias were not the potentially
life-threatening ventricular tachyarrhythmias defined as the primary outcome for this study.

An important question in these analyses is the appropriate exposure averaging time and the lag
between exposure and cardiac arrhythmia. In the pilot study we found associations with air
pollutions two days prior to the arrhythmias, and with the five-day mean air pollution (Peters et
al. 2000). In this study, ventricular arrhythmias were positively associated with ambient air
pollution on the same and the previous calendar days. Temporality would require that air
pollution exposure precede the arrhythmia. This temporal association is clearly true for
associations with air pollution on the previous day, but mean air pollution on the same calendar

day would include hours after as well as before the detected arrhythmia. Using the pollutant
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concentrations from the specific 24-hours preceding the arrhythmia would likely provide a better
estimate of each subject’s exposure and allow investigation of exposures in the hours prior to the
arrhythmia.

For these patients living in eastern Massachusetts, air pollution exposure was estimated based on
a single or a small number of monitors in the Boston metropolitan area. This would lead to
misclassification of air pollution exposure, but this misclassification would be independent of the
risk for ventricular arrhythmias. Such nondifferential misclassification of exposure produces an
attenuated estimate of associations (and larger confidence intervals) in epidemiological studies
assuming linear associations. If these observations are true, then studies with improved
estimation of subject specific air pollution exposures would be expected to find stronger, more
statistically significant associations.

We found associations with CO, NO,, BC, and PM;s. These four pollutants had high day-to-day
correlations with each other plus were strongly correlated with SO,. It would not be possible to
differentiate the independent effects of these pollutants. Nevertheless, the associations with
these specific pollutants are consistent with an effect from air pollution from motor vehicle
sources.

Animal studies in Boston have suggested that changes in indicators of cardiac function are
specifically associated with motor vehicle pollution (Clarke et al. 2000). Analysis of daily
mortality in Boston and five other cities suggested that motor vehicle pollution was more
strongly related to cardiovascular mortality than respiratory mortality (Laden et al. 2000).
Cardiovascular emergency department visits in Atlanta were significantly associated with these
same markers of motor vehicle air pollution, that is NO,, CO, PM; 5, BC, and fine particle

organic carbon (Metzger et al. 2004). For Atlanta emergency department visits for
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dysrhythmias, positive associations were found for these same motor vehicle pollutants, although

these associations were not statistically significant because of the smaller number of events.

We cannot exclude the possible role of sulfur oxides which are generally considered to be
indicators of air pollution from power plants and other stationary fossil fuel combustion sources.
In this analysis we found associations of ventricular tachyarrhythmias in subjects with a recent
event associated with SO, (p=0.013) and with SO4 (p=0.06). The positive, marginally significant
associations with SO4 are notable because SO4 data were only available on a limited number of
days (38%) compared with SO, and the other gaseous pollutants. Particulate SO4 concentrations
in Boston largely reflect secondary particles formed during long range transport. Gaseous SO,
concentrations reflect local sulfur emissions, and were most highly correlated with motor vehicle

pollutants.

A major advantage of the ICD data is the passive monitoring of cardiac tachyarrhythmias.
Nevertheless, ICD-detected ventricular arrhythmias were rare events in this follow-up, and the
small number of subjects with multiple ICD detected arrhythmias is a limitation. These patients
clearly represent a highly selected cohort of special interest, because their previous history of
cardiovascular disease might make them particularly sensitive to the effects of air pollution
episodes. The observed associations of ventricular tachyarrhythmias with particulate air
pollution in these subjects are large compared with previous studies. In a mortality time series
analysis in Boston and five other cities (Schwartz et al. 1996), each increase of 10 ug/m3 in the
two-day mean PM, s was associated with a 2% increase in the risk of cardiovascular mortality.
For Boston ICD patients (Table 2), the observed associations imply an 11% (95% CI -9% to
35%) increased risk of potentially fatal ventricular arrhythmias when scaled to the same 10

ug/m3 in the two-day mean PM, s concentrations. Thus the ICD patients had a risk of potentially
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life-threatening ventricular tachyarrhythmias associated with fine particles that was more than
five times the risk of cardiovascular death in the general population. Among those at the highest
risk, that is those with a recent prior ventricular arrhythmia, the increased risk of a new
ventricular tachyarrhythmia was 97% (95% CI 46% to 165%) associated with each 10 pg/m’

increase in PM, s.

Conclusions

We found that ventricular tachyarrhythmias among patients with implanted cardioverter
defibrillators increased with air pollution on the same and previous days, but these associations
did not reach statistical significance. However, among patients with a recent tachyarrhythmia,
the increased risk of a follow-up ventricular tachyarrhythmia associated with air pollution was
large and statistically significant. These observations suggest that air pollution may act in
combination with a cardiac electrical instability to increase the risk for ventricular
tachyarrhythmias. Among such acutely vulnerable ICD patients there was an exposure response
with PM; s, BC, NO,, CO, and SO, which we interpret as indicators of mobile source pollution,
and also evidence of an association with SOy, that we interpret as indicators of power plant and
other stationary fossil fuel combustion sources.

Implanted cardioverter defibrillators have proven to be highly effective in reducing the risk of
death in patients with high risk of cardiac arrhythmias. The passive monitoring of arrhythmias
by these devices have provided a rich resource for understanding the role of air pollution

episodes as potential triggers of these events.

18 02/08/05



LITERATURE CITED

Bayes de Luna A, Coumel P, Leclercq JF. 1989. Ambulatory sudden cardiac death: Mechanisms
of production of fatal arrhythmia on the basis of data from 157 cases. Am Heart J
117:151-159.

Brook RD, Franklin B, Cascio W, Hong Y, Howard G, Lipsett M, et al. 2004. Air pollution and
cardiovascular disease: A statement for healthcare professionals from the expert panel on
population and prevention science of the American Heart Association. Circulation
109:2655-2671.

Clarke RW, Coull B, Reinisch U, Catalano P, Killingsworth CR, Koutrakis P, et al. 2000.
Inhaled concentrated ambient particles are associated with hematologic and
bronchoalveolar lavage changes in canines. Environ Health Perspect 108:1179-1187.

Creason J, Neas L, Walsh D, Williams R, Sheldon L, Liao D, et al. 2001. Particulate matter and
heart rate variability among elderly retirees: The Baltimore 1998 PM study. J Expo Anal
Environ Epidemiol 11:116-122.

Diggle PJ. 1988. An approach to the analysis of repeated measurements. Biometrics 44:959-971.

D'Ippoliti D, Forastiere F, Ancona C, Agabiti N, Fusco D, Michelozzi P, et al. 2003. Air
pollution and myocardial infarction in Rome: A case-crossover analysis. Epidemiology
14:528-535.

Dockery DW, Luttmann-Gibson H, Rich DQ, Schwartz JD, Gold DR, Koutrakis P, et al. 2005.
Part II. Association of air pollution with confirmed arrhythmias recorded by implanted
cardioverter defibrillators. In: Particulate air pollution and nonfatal cardiac events HEI

Research Report 124. Boston, MA: Health Effects Institute, In Press.

19 02/08/05



Godleski JJ, Verrier RL, Koutrakis P, Catalano P, Coull B, Reinisch U, et al. 2000. Mechanisms
of morbidity and mortality from exposure to ambient air particles. Res Rep Health Eff
Inst:5-88; discussion 89-103.

Gold DR, Litonjua A, Schwartz J, Lovett E, Larson A, Nearing B, et al. 2000. Ambient pollution
and heart rate variability. Circulation 101:1267-1273.

Gregoratos G, Cheitlin MD, Conill A, Epstein AE, Fellows C, Ferguson TB, Jr., et al. 1998.
ACC/AHA guidelines for implantation of cardiac pacemakers and antiarrhythmia
devices: Executive summary--a report of the American College of Cardiology/American
Heart Association task force on practice guidelines (committee on pacemaker
implantation). Circulation 97:1325-1335.

Huikuri HV, Castellanos A, Myerburg RJ. 2001. Sudden death due to cardiac arrhythmias. N
Engl J Med 345:1473-1482.

Laden F, Neas LM, Dockery DW, Schwartz J. 2000. Association of fine particulate matter from
different sources with daily mortality in six U.S. cities. Environ Health Perspect 108:941-
947.

Liao D, Creason J, Shy C, Williams R, Watts R, Zweidinger R. 1999. Daily variation of
particulate air pollution and poor cardiac autonomic control in the elderly. Environ
Health Perspect 107:521-525.

Liao D, Duan Y, Whitsel EA, Zheng ZJ, Heiss G, Chinchilli VM, et al. 2004. Association of
higher levels of ambient criteria pollutants with impaired cardiac autonomic control: A
population-based study. Am J Epidemiol 159:768-777.

Metzger KB, Tolbert PE, Klein M, Peel JL, Flanders WD, Todd K, et al. 2004. Ambient air

pollution and cardiovascular emergency department visits. Epidemiology 15:46-56.

20 02/08/05



Morris RD, Naumova EN. 1998. Carbon monoxide and hospital admissions for congestive heart
failure: Evidence of an increased effect at low temperatures. Environ Health Perspect
106:649-653.

Myerburg RJ, Kessler KM, Castellanos A. 1992. Sudden cardiac death. Structure, function, and
time-dependence of risk. Circulation 85:12-10.

Pekkanen J, Peters A, Hoek G, Tiittanen P, Brunekreef B, de Hartog J, et al. 2002. Particulate air
pollution and risk of ST-segment depression during repeated submaximal exercise tests
among subjects with coronary heart disease: The exposure and risk assessment for fine
and ultrafine particles in ambient air (ULTRA) study. Circulation 106:933-938.

Peters A, Dockery DW, Muller JE, Mittleman MA. 2001. Increased particulate air pollution and
the triggering of myocardial infarction. Circulation 103:2810-2815.

Peters A, Liu E, Verrier RL, Schwartz J, Gold DR, Mittleman M, et al. 2000. Air pollution and
incidence of cardiac arrhythmia. Epidemiology 11:11-17.

Pope CA, 3rd, Schwartz J. 1996. Time series for the analysis of pulmonary health data. Am J
Respir Crit Care Med 154:S229-233.

Pope CA, 3rd, Verrier RL, Lovett EG, Larson AC, Raizenne ME, Kanner RE, et al. 1999. Heart
rate variability associated with particulate air pollution. Am Heart J 138:890-899.

Rich KE, Petkau J, Vedal S, Brauer M. 2004. A case-crossover analysis of particulate air
pollution and cardiac arrhythmia in patients with implantable cardioverter defibrillators.
Inhal Toxicol 16:363-372.

Schwartz J. 2000. The distributed lag between air pollution and daily deaths. Epidemiology

11:320-326.

21 02/08/05



Schwartz J, Dockery DW, Neas LM. 1996. Is daily mortality associated specifically with fine
particles? J Air Waste Manag Assoc 46:927-939.

Schwartz J, Morris R. 1995. Air pollution and hospital admissions for cardiovascular disease in
Detroit, Michigan. Am J Epidemiol 142:23-35.

Vedal S, Rich K, Brauer M, White R, Petkau J. 2004. Air pollution and cardiac arrhythmias in
patients with implantable cardioverter defibrillators. Inhal Toxicol 16:353-362.

Wellenius GA, Bateson TF, Mittleman MA, Schwartz J. 2003a. Particulate air pollution is
associated with hospital admissions for congestive heart failure among the elderly in
Pittsburgh, PA . Epidemiology 14:S83.

Wellenius GA, Coull BA, Godleski JJ, Koutrakis P, Okabe K, Savage ST, et al. 2003Db.
Inhalation of concentrated ambient air particles exacerbates myocardial ischemia in
conscious dogs. Environ Health Perspect 111:402-408.

Zeger SL, Liang KY, Albert PS. 1988. Models for longitudinal data: A generalized estimating

equation approach. Biometrics 44:1049-1060.

22 02/08/05



TABLE 1: Distribution of the two day mean air pollutants averaged across multiple sites in
Boston and weather (July 11, 1995 to July 11, 2002).

Percentiles
Air Pollutant Unit N 25% 50% 75% 95%
PM, 5 pg/m’ 2047 75 103 144 233
BC pg/m’ 1585 0.66 098 139 225
SOy pg/m’ 971 1.55 240 3.80 7.90
PN 10°/cm’ 808 206 293 398 50.7
NO, ppb 2557 189 227 266 33.6
CO ppm 2558 0.53 0.80 1.02 1.37
SO, ppb 2558 33 49 74 128
O; ppb 2552 157 229 311 421
Minimum Temp.  °C 2553 0.6 72 144 20.6
Relative Humidity % 2549 56.7 69.0 81.5 943
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TABLE 2: Estimated odds ratios (OR) and 95% confidence intervals (95% CI) for an
interquartile range increase in two-day mean air pollution

N Days IQR of 2 Day OR  (95% CI) P Value

Mean Air Pollution
PM; s 2047 6.9 pg/m’ 1.08 (0.96,1.22) 0.21
BC 1585 0.74 pg/m’ 1.11  (0.95,1.28) 0.18
SO4 971 1.99 pug/m’ 1.05 (0.92,1.19) 0.48
PN 808 19,120/cm’ 1.14  (0.87,1.50) 0.35
NO; 2557 7.7 ppb 1.07 (0.97,1.18) 0.19
CcO 2558 0.48 ppm 1.14  (0.95,1.29) 0.28
SO, 2558 4.0 ppb 1.04 (0.94,1.14) 0.28
O3 2552 15 ppb 1.09 (0.93,1.29) 0.28
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TABLE 3: Association of interquartile range increase in two-day mean air pollution with

ventricular arrhythmias stratified by a recent arrhythmia (within 3 days).

>3 Days <3 Days p-value for interaction
PM; 5 (6.94 ug/m3) 0.98 1.60 <0.001
(0.86,1.12)  (1.30,1.96)
p=0.73 p<0.001
BC (0.74 ug/m3) 1.02 1.74 0.003
(0.83,1.24)  (1.28,2.37)
p=0.86 p<0.001
S04 (1.99 pg/m3) 1.03 1.18 0.066
(0.87,1.21)  (0.99,1.41)
p=0.73 p=0.060
PN (19,120 cm’3) 1.17 1.11 0.86
(0.82,1.66)  (0.71,1.75)
p=0.38 p=0.65
NO; (7.7 ppb) 1.02 1.34 0.050
(0.90,1.16)  (1.05,1.71)
p=0.78 p=0.018
SO, (4 ppb) 0.98 1.30 0.006
(0.87,1.11)  (1.06,1.61)
p=0.78 p=0.013
CO (0.48 ppm) 1.04 1.65 0.016
(0.83,1.29)  (1.17,2.33)
p=0.75 p=0.005
O3 (15 ppb) 1.14 1.01 0.44
(0.92,1.40) (0.76,1.35)
p=0.24 p=0.94
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FIGURE 1: Relative odds and 95% confidence intervals of ventricular arrhythmias versus

quintiles of air pollution, within (e) and more than (Q) three days of a previous

arrhythmia. "p<0.10, * p<0.05, * p<0.01
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